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Material and Methods
Mouse stocks
The HoxD inv (11) , HoxD inv (12) , HoxD inv (11) (12) del (11) d13lacZ and HoxD del(CTCF:d12d13) were obtained through the CRISPR/Cas9 technology using mouse zygotes. gRNAs were designed either to flank the locus of interest or to directly target a CTCF binding site. The gRNAs are listed in Supplementary Table 1. Each guide was cloned into the pX330:hSpCas9 (Addgene ID 42230) vector (1) . The efficiency and specificity of these guides were evaluated in silico using either CCtop (2), CHOPCHOP (3) or crispr.mit.edu. The HoxD inv (11) and HoxD inv (12) alleles were obtained by pro-nuclear injection (PNI) of an equimolar solution of the two pX330:hSp:Cas9 vectors containing the appropriate guides (4) . The HoxD inv(Nsi-Itga6)del(13HD) allele was obtained in a similar manner, except that the zygotes injected were obtained from a cross between HoxD inv(Nsi-Itga6)/+ male and wild-type female mice. The HoxD inv (11) (12) del (11) d13lacZ allele was obtained by electroporation in zygotes of a solution containing Cas9 mRNA and the two desired gRNAs in vitro transcribed (5) . The zygotes were obtained from a cross between HoxD inv (11) (12) d13lacZ/+ males and wild-type females. The HoxD del(CTCF:d12d13) allele was generated by electroporation of a solution containing a single gRNA in vitro transcribed, with Cas9 mRNA within wild-type zygotes. The HoxD d13lacZ , HoxD inv (11) (12) d13lacZ and HoxD del (8) (9) (10) (11) (12) (13) alleles were described in (6, 7) . The allele HoxD inv(Nsi-Itga6) was originally described in (8) .
The HoxD del (8) (9) (10) (11) (12) (13) allele was used as a balancer allele in those cases where the analysis did not require full homozygosity, for example for the WISH analyses, as it made the other mutated allele haploid. This allele is mentioned for each experiment where it was used. F0 animals were PCR genotyped at weaning and the breakpoints were Sanger sequenced. These sequences were also used to reconstruct the different genomes used for NGS datasets alignments in this work. Positive F0 animals were back-crossed over wild-type (B6XCBA)F1 mice for at least two generations and single heterozygous F2 mutant animals were then used to expand each alleles. Transgenic integration of the pX330:hSp:Cas9 vectors was regularly observed in animals derived from pro-nuclear injection across different founders and alleles. The segregation of these transgenes was monitored by PCR and only pX330 negative animals were used to expand the new alleles. For PCR genotyping, tissue biopsies were lysed overnight at 56°C in lysis buffer (10mM KCl, 20mM TrisHCl pH 8.0, 10mM (NH4)2SO4, 1mM EDTA, 0.1% Triton,) complemented with 0.5% proteinase K (20mg/ml). After proteinase K heatinactivation at 98°C for 10 minutes, PCR were performed with a standardized cycling protocol. The list of primers used for genotyping is provided in Supplementary Table  2. WISH and X-gal staining WISH and X-gal staining were carried out using standard protocols. WISH were performed as in (9) using DIG labelled RNA probes (lacZ, Hoxd13, d12, d11, d10 and lacZ) described in (10) (11) (12) (13) . For WISH performed on E13.5 metanephros, the abdominal cavity was opened and the embryo eviscerated to expose the metanephros before the ISH procedure. The duration of the proteinase K treatment was reduced to 6 minutes. LacZ detection by X-gal staining in metanephros at E13.5 was done on eviscerated embryos, fixed in 4% PFA for 20 minutes at 4°C. Staining was performed overnight at 37°C following standard X-gal staining procedure except that the staining solution was complemented with TrisHCl pH=7.4 at a final concentration of 20uM to avoid background signal in the metanephros. Pictures of specimen were taken with a DP74 camera coupled to an MVX10 binocular loop (Olympus). WISH pictures of HoxD inv (11) and HoxD del(CTCF:d12d13) embryos were reconstructed on their Z-axis using the software Helicon Focus (7.0.2) to facilitate the visualization of Hoxd genes expression patterns across different areas of the embryo.
Water consumption
Water intake was quantified for each genotype investigated by daily measurement of the weight of water bottles during a series of 6 consecutive days. At least three cages housing each single adult female mouse were used for each allele. Individual water consumption was then normalized by the corresponding average body mass recorded 3 times during the experiment.
Histology
Metanephros were dissected from heterozygous adult mice, rinsed abundantly in 1x PBS and fixed overnight in 4% PFA prior to dehydration and paraffin embedding. Sections were then produced and stained at the HCF platform (EPFL).
Genomic data
The NGS datasets were all mapped on GRCm38/mm10. The various mutated chromosomes 2 present in the HoxD inv (11) , HoxD inv (12) , HoxD d13lacZ , HoxD inv (11-12)d13lacZ and HoxD del(CTCF:d12d13) alleles were each reconstructed from Sanger sequencing of all the different breakpoints, including the lacZ reporter when relevant. The GTF annotations used in this work derive from ENSEMBL GRCm38.90 and are filtered against read-through/overlapping transcripts, keeping only transcripts annotated as 'protein-coding' for 'protein-coding' genes, thus discarding transcripts flagged as 'retained_intron', 'nonsense-mediated decay' etc, to conserve only non-ambiguous exons and avoid quantitative bias during data analysis by STAR/Cufflinks (14) . The mutant chr2 sequences and their associated GTF files are available on figshare (15) . ChIP-seq and RNA-seq libraries were built and sequenced by the UniGe Genomics platform. ChIPmentation libraries were sequenced at GECF (EPFL). Bioinformatic analysis were done using our Galaxy server (the Bioteam Appliance Galaxy Edition, https://bioteam.net/products/galaxy-appliance (16) . The 4C-seq datasets were analyzed with the HTSstation interface (BBCF, EPFL) (17) . Figures presented in this work were built using a genome browser assembled as an R script.
RNA-seq
RNA was extracted from micro-dissected tissues using RNeasy plus micro kit (Qiagen) following the manufacturer recommendations. At least 1.5ug of total RNA (RIN>9) was prepared for stranded RNA sequencing using TruSeq kits (Illumina). Samples were poly(A)-enriched. Following sequencing, Illumina TruSeq adaptors were cleaved from the raw fastq files using Cutadapt (1.6) with the following settings -a AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC (18) . Reads were then mapped to their respective genome using STAR (2.5.2b) with the ENCODE settings (19) . FPKM values were determined by Cufflinks (2.2.1) with the following options: -I 600000 -F 0.05 -j 0.05-compatible-hits-norm-multi-read-correct-library-type frfirststrand -m 45 -s 20 --min-intron-length 40 (20) . Normalized FPKM were then computed by determining coefficients extrapolated from a set of 1000 house-keeping stably expressed genes, in between the series of compared RNA-seq datasets. These coefficients were then applied to the respective FPKM values. Strand specific coverage was computed from uniquely-mapped reads and normalized to the number of million uniquely mapped reads for each RNA-seq dataset. Biological duplicates were produced for the HoxD del(CTCF:d12d13) and HoxD inv(Nsi-Itga6) datasets.
RT-qPCR
RNAs were extracted from metanephros dissected from individual E18.5 fetuses and adult mice of equivalent age using RNeasy plus micro kit (Qiagen) following the manufacturer recommendations. For each sample, 1ug of total RNA was reverse transcribed using SuperScript VILO cDNA Synthesis Kit (ThermoFisher). RT-qPCR was performed in technical triplicates on a CFX96 real-time system (BIORAD) using the GoTaq qPCR Master Mix (Promega). Each RT-qPCR was carried out with at least two biological replicates and ΔCt were computed using the house-keeping gene Rps9. Primers' sequences for RT-qPCR are listed in Supplementary Table 3 .
ChIP-seq and ChIPmentation
ChIP and ChIPmentation datasets were produced using the following commercial antibodies: 4ul anti-H3K4me3 (17-614, Millipore), 4ul anti-H3K27me3 (17-622, Millipore, concentration: 1 ug/ul), 5ug anti-CTCF (61311, Active Motif) and 5ug anti-RAD21 (ab992, Abcam). ChIP were produced from 5 pairs of metanephros microdissected from E13.5 embryos (approx. 1x10 6 cells). Pairs of metanephros were fixed individually in 1% Formaldehyde for 20 minutes at room temperature and stored at -80°C. Genotyping was done on tail biopsies. Chromatin shearing was performed on a Bioruptor (Diagenod) in 1% SDS. ChIP was done by over-night incubation of protA/protG magnetic beads conjugated with the desired antibody in 1.2 ml dilution buffer, rotating at 30 rpm 4°C. Washes were in 1ml of washing buffers, incubated at 4°C for 2 minutes: 2x RIPA/2x RIPA-500mM NaCl/2x LiCl/2x TE. Beads were eluted and chromatin fixation was reversed during an over-night incubation at 65°C in presence of proteinase K. The eluate was treated with RNase A, PCI purified and precipitated. DNA was then quantified for TruSeq library construction.
The ChIPmentation protocol was adapted from (21) . ChIPmentation datasets were produced from 4 pairs of metanephros (approx. 7.5x10 5 cells) or from a fraction of forebrain micro-dissected from E13.5 embryos. Metanephros were dissociated for 10 minutes at 37°C, 700 rpm, in 400ul of a solution containing 1x PBS complemented with 10% FCS and 5ul Collagenase 10mg/ml (sterile filetered, C1764 Sigma). Fixation was done in a final concentration of 1% FA (w/o methanol, 28908 Thermo) for 10 minutes at room temperature and cells were then stored at -80°C. Genotyping was done on brain or tail biopsies. Chromatin shearing was done using a Covaris E220 in 120 ul sonication buffer (0.25% SDS) with the following settings: duty cycle at 2%, peak incident power at 105W, water level set at 6 with the amplifier engaged and a treatment of 8 minutes. The volume for the over-night IP (4°C, 25 rpm) was adjusted at 300 ul using a dilution buffer to lower the SDS concentration and buffer the pH (final concentration of 0.1% SDS, 20 mM HEPES). Following two LiCl wash, magnetic beads were then washed 2x in 1ml 10uM TrisHCl pH=7.4 and finally resuspended in 24 ul of pre-warmed tagmentation buffer (FC-121-1030, Illumina). 1 ul of TDE1 enzyme was added to the mix and the beads were incubated for 120" at 37°C. DNA purification, quantification and Nextera library construction were done following the published ChIPmentation protocol (21) using indexed Illumina adapters (FC-121-1011, Illumina). Illumina adaptors were removed from the ChIP and ChIPmentation reads using Cutadapt (1.6) with the following settings; for TruSeq (single-end reads) -a AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC and for Nextera (pair-end reads) -a CTGTCTCTTATACACATCTCCGAGCCCACGAGAC for R1 and -a CTGTCTCTTATACACATCTGACGCTGCCGACGA for R2 (18) . The single-end or pair-end reads were then mapped to the corresponding genome using Bowtie2 (2.2.6.2) with default parameters (22) . Reads were filtered for a MAPQ≥30 and the final coverage was obtained after duplicates removal, estimation of the average fragments size and extension of the reads by MACS2 (2.1.0.20151222, (23) .
4C-seq
4C-seq datasets were generated using pairs of metanephros individually microdissected from E13.5 embryos. Samples were then dissociated for 10 minutes at 37°C, 700 rpm, in 250ul of a solution containing 1x PBS complemented with 10% FCS and 5ul Collagenase 10mg/ml (sterile filtered, C1764 Sigma). Fixation was done in a final concentration of 2% PFA for 10 minutes at room temperature. Following glycine quenching and two 1x PBS washes to stop the fixation, the cells were then lysed and nuclei stored at -80°C. Genotyping of the corresponding samples was done on brain or tail biopsies processed in parallel. Pools of 20-25 pairs of metanephros of similar genotypes were then used to produce a double-digest libraries following the protocol described in (24), using NlaIII and DpnII. For each 4C-seq viewpoint, 11 individual PCR were run and pooled together, using between 100-150 ng of the double-digested initial library per single PCR. Series of viewpoints were then multiplexed together and sequenced in a HiSeq2500. The reads were demultiplexed, mapped over mutant genomes, normalized and analyzed using the workflow provided by HTSstation (17) . The profiles were smoothened using a window size of 11 fragments, and the final coverage was normalized considering the total signal spanned 5Mb on the two sides of each viewpoint. 4C-seq primers used in this work are listed in Supplementary  Table 4 .
Fig. S1. A. Structures of various
Hox clusters drawn at the same scale. The highest level of organization and compaction is found in all jawed vertebrate genomes (type O, see (25) . The arrowheads indicate the sense of Hox transcription. B. Atomized (A), split (S) or disorganized (D) Hox clusters can be found in other taxa (adapted from (26) . C. Integration of the murine HoxD cluster at the border between two Topologically Associating Domains (TADs). Both of these TADs (C-DOM and T-DOM) contain a large gene desert including batteries of long-range enhancers (blue arrows) active at different developmental periods and in various structures (Hi-C data adapted from (27) . (12) allele. Below is a CTCF ChIPmentation profile from E13.5 wild-type metanephros. B.
Normalized quantification (FPKM) of Hoxd genes RNAs in E13.5 metanephros in control HoxD del(8-13)/+ (grey) and mutant HoxD del(8-13)/inv(12) (orange). In the HoxD
inv (12) allele, the amounts of both Hoxd12 and Hoxd11 mRNAs are modified (black arrows). C. Strand specific RNA signals from trans-heterozygous HoxD del (8) (9) (10) (11) (12) (13) /inv(12) mutant metanephros. A weak leakage of Hoxd12 transcripts was scored (black arrow), which stopped at Hoxd13 3' UTR termination (grey arrowhead, see also Fig. 2C, F) . Hoxd13 and Evx2 remained silent. D. Strand specific RNAs obtained from HoxD del (8) (9) (10) (11) (12) (13) )/+ E13.5 metanephros (adapted from Figure 2B ). E. Normalized quantification (FPKM) of Hoxd genes RNAs in E13.5 developing digits. In this allele, the amount of Hoxd12 RNAs is reduced (black arrow), other Hoxd mRNAs remained constant. (11) (12) d13lacZ alleles (see also (6) . In between is a CTCF ChIPmentation profile from E13.5 metanephros of HoxD d13lacZ embryos. In the HoxD inv (11) (12) d13lacZ allele, both Hoxd11 and Hoxd12 were inverted as well as the CTCF site positioned between Hoxd12 and Hoxd13lacZ (black arrow). (11) (12) del (11)d13lacZ allele. Below is a CTCF ChIPmentation profile from metanephros of E13.5 HoxD inv (11) (12) d13lacZ homozygous embryos (adapted from Figure 4B ). The CTCFd12d13 site is inverted and repositioned as in Figure 4B (black arrow). B. WISH using a lacZ probe of d13lacZ (left), inv (11) (12) d13lacZ (middle) and inv (11) (12) del (11) d13lacZ (right) E12.5 heterozygous embryos. A gain of d13lacZ expression in the caecum and along the main body axis is observed when compared to the d13lacZ control (blue and black arrow, respectively). C. X-gal staining of E13.5 metanephros carrying the same alleles as in panel B. Staining is scored in the heterozygous inv (11) (12) del (11) d13lacZ metanephros indicating that d13lacZ remains transcriptionally active in this mutant. D. Strand specific RNAs from homozygous HoxD inv (11) (12) del(11)d13lacZ E13.5 metanephros. Few Hoxd12 transcripts (red) extend towards the d13lacZ gene (red arrow). E. Normalized quantification (FPKM) of Hoxd transcripts. The important gain of d13lacZ in the inv (11) (12) del (11) d13lacZ allele, where Hoxd12 transcript leakage towards the former locus is minimal suggests that the former event does not depend on the latter. The signals in D were normalized by the number of million uniquely mapped reads. The deleted Hoxd11 locus is highlighted by a shaded area. lacZ sequences are shown by a green box. No signal was recorded in the wild type control (black), in agreement with the absence of any significant Hoxd13 transcription at these two different time points. Hoxd9 and Hoxd8, two genes which remain transcribed in late embryonic and adult kidneys are not displaying any significant changes in their relative mRNAs levels across these four genotypes. Rps9 was used as an internal normalizer in this series to compute ΔCt. Mutant kidneys were dissected from heterozygous animals. Three (E18.5) and two (adult) biological replicates were used to generate this series. (11) (12) del (11)d13lacZ HoxD inv (12) HoxD del(CTCF:d12d13) HoxD inv (11) g515/g516 wt=278bp g519/g520 inv(12)=539bp
HoxD inv (12) FD105/FD115 d13lacZ=146bp FD105/FD106 inv(11-12)d13lacZ=117bp
HoxD d13lacZ
HoxD inv (11-12)d13lacZ HoxD inv (11) (12) HoxD del (8) (9) (10) (11) (12) (13) Integration of the vector pX330 Table S3 . Sequences of 4C-seq primers used in this work. The four XXXX base pairs represent optional barcodes that were added between the Illumina Solexa adapter and the specific inverse forward primer to allow for multiplexing of the same viewpoint throughout a single sequencing lane.
viewpoint primer sequence
Hoxd9 iHoxd9_fw iHoxd9_re CAAGCAGAAGACGGCATACGACCCTCAGCTTGCAGCGAT lacZ ilacZ_fw ilacZ_re CAAGCAGAAGACGGCATACGAGGCAAAGACCAGACCGTTCATAC
Supplementary Table 3: Sequence of 4C-seq primers used in this work
The four XXXX base pairs represent optional barcodes that were added between the Illumina Solexa adapter and the specific inverse forward primer to allow multiplexing of the same viewpoint throughout a single sequencing lane.
AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCTXXXXCGAACACCTCGTCGCCCT AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCTXXXXTAGTGCAACCGAACGCGAC Table S4 . Sequence of RT-qPCR primers used in this work
